THEOREM 4. Let C be an analytic Jordan curve whose interior is denoted by D, and let A be a bounded region containing C + D. Let f(z) be analytic in D, and for each positive M let FM(z) be the (or a) function analytic and of modulus not greater than M in A for which the norm IIF(z) -f(z) 11' in D is least; let 1uM denote the least value of this norm. Suppose k + a + 1/p > 0, where k is an integer and 0 < a _ 1. Then, a necessary and sufficient condition that f(z) be on C of class L,(k,a) if 0 < a < 1 and of class Z(k,p) if a = 1 is lim sup [log MUMl/(k+a+l/P)] < + .
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metabolism, viz., galactokinase, galactose-1-phosphate uridyl transferase, and uridine diphosphogalactose 4-epimerase, hereafter referred to as kinase (K), transferase (T), and epimerase (E), respectively. With regard to inducibility or constitutivity, all three enzymes respond as a unit without exception.8 This appears particularly striking following lambda induction, which, after a lag period, causes a concerted increase in the three enzymes-kinase,9 transferase, and epimerase.7 A single regulatory system must therefore control the enzymes of the gal region. That the control is through repression and its release (depression) is suggested by the dominance of inducibility over constitutivity (see Results and Discussion) and by analogy with more thoroughly studied inducible enzymes.'0'11 '1he extents of induction of the different enzymes under various conditions appear (within the limits of accuracy of the assays) to be subject to a coordinate repression such as has been described for the sequence of histidine enzymes. 12 At least four separate cistrons have been shown to affect the system of repression of galactose enzymes:
1. Mutation within the cistron of the gal region designated "C" by E. M. Lederberg4 leads to a loss, complete or nearly so, of all three enzymes.6 Mutants of cistron "C" fail to complement with those of cistron "A," deficient in kinase, or of cistron "B," deficient in transferase, but they are neither multiple mutants nor deletions, since they readily revert to galactose-fermenting capacity.4 This loss of the galactose enzymes is not simply the result of a mutant allele epistatic to alleles of the "A" or "B" cistrons, since introduction of transducing lambda from a galactose-fermenting strain into the galactose-negative "C" mutant W3099 (which is essentially lacking in kinase, transferase, and epimerase6) results in a heterogenote capable of fermenting galactose."3 This is to say that the "C" mutation is dominant with respect to alleles of the "A" and "B" cistrons only when these are cis to the "C" mutation, but not in the trans configuration. This kind of position effect, coupled with the pleiotropism of "C" mutations, characterizes mutations in operator genes.14 Operator genes are those genes whose characteristics make them suitable for the role of receptor sites or determiners of receptor sites for repressors. 14 The originators of the operator concept have suggested that the "C" cistron mutations described above could affect an operator.'4 Constitutive mutants which also satisfy the criteria for operator mutants have been recently isolated by Buttin,15 but it is not yet established whether they arose by mutation in the "C" cistron or elsewhere.
The operator concept therefore appears to be applicable in the interpretation of the effects of certain mutations in the gal region. Further observations are desirable, especially since complementation between a "C" mutant, W3099, and an epimeraseless mutant, gal 22, has been found to occur. '6 2. Mutations affecting inducibility of the galactose enzymes, but not behaving like operator mutations, have been obtained independently by Buttin'5 and by Horowitz.'7 In both cases, the loci involved are not transducible by lambda. The locus studied by Buttin, here designated "R" locus, was shown by him not to be linked to gal in mating experiments. '' 3. Mutations affecting inducibility have also been found to occur in cistrons determining kinase, both in E. coli (cistron "A"5, 6 and cistron(s) "E" 13) and in S. typhimurium.3 It has been suggested that this is a case of pleiotropism. 6 The work reported here deals with the enzyme levels of heterogenotes between strains differing in regard to the cistrons mentioned under (2) and (3). Cooperation is shown to occur, within these heterogenotes, between two genomes each separately defective in one of the different cistrons of regulation. Evidence is also furnished that the regulatory effect of the kinase cistrons is due to the removal, by kinase activity, of an inducer generated in the cell. Incidental observations made in the course of these studies are also reported.
Materials and Methods.-Bacteriological: Difco Bacto-Tryptone (1%) was used as growth medium unless otherwise indicated. Medium A,'8 a minimal medium (with NH4+ as nitrogen source) was used with the addition of 1% glycerol as carbon source. Eosine-Methylene Blue Agar plus 1% galactose (EMBgal) was used as indicator agar for galactose fermentation in isolated colonies. Tryptone-2,3,5,-triphenyltetrazolium chloride agar"9 plus 1% galactose (TTCgal) was used to identify galactose-fermenting colonies against a background of non-fermenters. On this medium, fermenting colonies form red papillae against a white background and are thus more easily identified than on EMBgal (where dark blue papillae form on a red background). Irradiation mediumn is a UV-transparent buffer (7 gm/l K2HPO4, 2 gm/l KH2PO4, 10-3A1I MgSO4 added after autoclaving).
Escherichia coli K-12 strains, including several kindly supplied to us by various workers, were described previously. 7, 21 Strain B78A was obtained by courtesy of G. Buttin and F. Jacob. All other strains were derived from these by procedures described below.
Selection of revertants to galactose fermentation was carried out using TTCgal agar. The revertants were picked and purified by streaking on EMBgal agar.
Prophage substitution was used to free lysogenic strains of their prophage, either X or Ximm434.22 The latter phage was constructed by Kaiser and Jacob23 to have the genetic complement of X with the exception of the c, region responsible for prophage localization and immunity. A strain lysogenic for one phage was grown in tryptone broth for 3 hr. in the presence of the other phage. In a high percentage of the progeny surviving this treatment, one prophage had replaced the other. The presence of prophage confers immunity to superinfection by homologous phage, and it was recognized by the absence of lysis when a loopful of an appropriate phage preparation was applied to a streak of the suspected lysogen.
Heterogenotes were prepared according to methods described by Morse et al.' and by Arber.'9 Transducing phage was prepared by induction of a lysogenic strain either by UV irradiation or by the addition of 5 Ag/ml of mitomycin C.24 Ultraviolet irradiation was carried out as described by Yarmolinsky and Wiesmeyer.7 A senstitive host strain was than infected with the phage lysate, which is expected to contain transducing particles at a frequency of 10-4 to 10-6. Whenever possible, the ability to ferment galactose was used to differentiate heterogenotes from other cells by means of TTCgal or EMBgal indicator agars. When this was not possible, an intermediate carrier heterogenote, harboring the desired transducing phage and identifiable by the above method, was prepared. A lysate of such a strain containing comparable titers of transducing and nontransducing particles was then used to infect the ultimate host. Lysates of all heterogenotes were tested for transducing phage carrying the suspected genes by means of apropriate indicator strains.
Enzymological: Enzyme assays were carried out on cells grown into logarithmic phase in tryptone broth unless otherwise stated. For enzyme induction, 10-2 M galactose was present for at least three generations. For transferase and epimerase assays, the cells were centrifuged in a desk-top centrifuge, washed with distilled water, resuspended in 0.5 to 1.0 ml irradiation medium, and sonicated for 45 see with the 6 mm probe of the Mullard 20 Kc per see sonicator. The sonicates, containing approximately 1 mg protein per ml, were centrifuged for one hr at 144,000 X g in a refrigerated Spinco preparative ultracentrifuge and the supernatant liquid stored at -60'C.
Kinase was assayed according to a method communicated to us by K. Paigen. The assay was performed on lysozyme-treated cells, using galactose-1-'4C as substrate. The gal-i-P formed was precipitated with lead and collected on glass fiber filter paper, and the disintegrations were counted. The sensitivity of the assay was increased for use with kinaseless strains by separating the gal-1-P from the galactose on Dowex-1 columns in the presence of carrier gal-1-P. The two methods gave essentially identical results for the specific activity of kinase in wild type. Transferase activity was measured as TPN reduction by coupling the reaction with phosphoglucomutase and glucose-6-phosphate dehydrogenase. Epimerase was coupled with UDPG dehydrogenase and measured as reduction of DPN. The conditions for the assay of transferase and epimerase were essentially those described by Kalckar, Kurahashi, and Jordan6 with the following modifications. In the transferase assay system, a partially purified extract of W3104 (transferaseless) was substituted for glucose-6-phosphate dehydrogenase, phosphoglucomutase, glucose 1,6-diphosphate, and cysteine. A sonicate of W3104 (ca. 5 mg protein per ml) was treated, at 4VC, with streptomycin (0.2% w/v final concentration) and the supernatant fluid brought to 55% saturation with respect to ammonium sulfate. Aliquots of the final supernatant fluid were used (20 ,Ml per 1 ml reaction mixture). The activities obtained with this preparation were identical to those found with the purified components. Epimerase was assayed by the one-step method with the addition of 5 X Results and Discussion.-Pleiotropic control of both galactokinase and inducibility of galactose enzymes: The data of Table 1 show that several kinaseless mutants derived from an inducible galactose-positive E. coli are constitutive with respect to the remaining functional enzymes of the galactose sequence; on the other hand, mutations studied which lead to loss of transferase or epimerase activity have no effect on the inducibility of the galactose enzymes. Revertants of kinaseless mutants to the galactose-positive state have regained inducibility along with kinase. An entirely similar situation has been shown by Nikaido and Fukasawa to occur among four separate kinaseless Salmonella mutants and a revertant.3 A kinaseless strain may acquire the gene for synthesis of functional kinase not only by reversion but also by transduction, e.g. as in lines 3 and 6 of Table 3 . 28 In either process, inducibility is regained. The data demonstrate, furthermore, that inducibility here is dominant with respect to constitutivity, suggesting that inducibility corresponds to the active state of the gene.
The previously entertained hypothesis that cistron "A" has pleiotropic functions6 is supported by these observations accumulated here and in Japan.
A facultatively inducible kinaseless variant and influence of growth phase on inducibility: The above findings raise the question whether the loss of functional kinase necessarily entails the loss of inducibility. A fortuitously discovered variant of W3092(X), W3092A(X), answers this question in the negative.
W3092A(X) is inducible for transferase and epimerase (Table 1) , but, like the parent strain, does not ferment galactose. Kinase activity in this strain is less than 1% of uninduced wild type. Experiments with mixed extracts showed that wild type kinase activity at this low level was not inhibited by an extract of W3092A(X).
The relative reversion rates to galactose fermentation of W3092(X) and (Table 1) .
There is no complementation between the genomes of the two kinaseless strains as shown by the absence of wild-type colonies when either strain is treated with a phage lysate prepared either directly from the other strain or from a heterogenote carrying transducing phage derived from that strain.
The phenotypic difference in inducibility between strains W3092(X) and W3092A(X) vanishes if the cells are permitted to go into stationary phase (Table 2) . In stationary phase, the specific activity of both transferase and epimerase in W3092A(X) is independent of whether the cells had been grown in the presence of galactose, whereas in logarithmic phase there is on the average a fivefold difference between induced and non-induced cells. The absolute values of the specific activities of both enzymes are also much higher in stationary phase than in logarithmic phase. The effect of growth phase on enzyme levels in W3092(X), W3092R(X), and B78A (constitutive "R" locus mutant) may be compared with that on W3092A(X). In the three former strains, there is a two-to three-fold increase in specific activity in going from logarithmic to stationary phase. Still greater increases in specific activity, up to six-fold, have been obtained in the case of W3092(X) and B78A when the cells were allowed to remain in stationary phase for longer times. The effect of post-logarithmic growth is readily reversed by dilution of the culture in fresh medium followed by two to three generations of logarithmic growth.
The presence of glucose represses enzyme synthesis in the two constitutive strains both in logarithmic and in stationary phase. In the absence of external inducer, strain W3092A(X) is repressed by glucose only in stationary phase, whereas W3092R(X) is not affected at all.
Evidence that a pleiotropic kinase gene is not an operator: It has been suggested as one possibility that the kinase gene constitutes a part of an operator controlling the galactose enzymes.3 However, previously published enzyme assays of the heterogenote W3092(XW3104 + X) (Yarmolinsky and Wiesmeyer,7 Table 2 and vide supra, Table 3 , line 3) rule out this possibility. If the kinase locus were an operator, then in this heterogenote the synthesis of transferase, determined only by the host chromosome, would be controlled by the mutated kinase gene on the same chromosome. It would therefore remain constitutive as in the host. The finding, however, is that transferase synthesis has become inducible in the heterogenote. This indicates that regulation can occur across chromosomes and hence must be mediated by a cytoplasmic agent. * The host strains for these heterogenotes prior to transduction were W3092(Ximm434) or W3092A(Ximm434).28 t R: non-transducible gene of regulation. K, T, and E: genes determining kinase, transferase, and epimerase, respectively. Parentheses indicate that presence of gene is merely inferred from the genotype of the donor.
$ Number of independently derived strains. The specific activities of the enzymes are the corresponding averages. § Enzyme assays were performed as described in the Methods section. + and -gal refer to growth in the presence or absence of 10-2 M galactose for three generations.
Cooperation between the pleiotropic kinase genes and the "R" locus: Constitutive synthesis of galactose enzymes in strain B78A, isolated and characterized by Buttin, is due to mutation at a locus not transduced by lambda and not closely linked to the gal region in mating tests.'5 Constitutive synthesis of transferase and epimerase by W3092(X), on the other hand, is due to mutation of the kinase gene lying within the gal region. It was of interest to find out whether there was any cooperation between those two distant loci regulating the synthesis of the gal enzymes.
Heterogenotes of the two strains were prepared to investigate this question. Lines 6 and 7 of Table 3 show that W3092(XB78A + X) is inducible for epimerase, while the reciprocal B78A(XW3092 + X) is constitutive. Two galactose-negative segregants from W3092(XB78A + X) were isolated and found to be constitutive, demonstrating that the hyperploid state had been maintained prior to segregation and that the host is again constitutive on loss of the transducing phage.
The results indicate that a transducible locus functioning in B78A but not in W3092(X) and a non-transducible locus functioning in W3092(X) but not in B78A cooperates in the production of inducibility. Two alternative explanations of the necessity for two functional genes are possible. Repressor formation may require two steps, controlled by the separate loci (cf. Szilard29), or one locus may control the synthesis of a repressor while the other controls the removal of an internal inducer.
Evidence that pleiotropism of kinase genes is due to removal of internal inducer by kinase: Strong support for the theory that the regulatory function of kinase involves the removal of an internal inducer is provided by the experiment shown in Table 4 . The experiment exploits the recent observation made by Buttin"5 that methyl-f3-D-thiogalactoside (MTG) inhibits induction of the enzymes of the galactose sequence. This inhibition may be reversed by high concentrations of galactose. If the kinaseless strains are constitutive because of the presence of internal inducer, there should be a repression of enzyme synthesis, reversible by sufficient galactose, when the strains are grown in the presence of MTG. Table 4 shows that this indeed occurs. Strain B78A, on the other hand, defective at the "R" locus and presumably unable to make the corresponding repressor, is unaffected by MTG. 13 2.1
4.3 W3092A(X) An explanation for the exceptional behavior of W3092A(X) is suggested by the above findings. The strain might have acquired a new mechanism for removal of internal inducer (presumably galactose, or a derivative of it, which might be formed in this strain from UDPGal directly or indirectly). An indication that this may be the case was obtained by an examination of f-galactosidase induction in strains W3092(X) and W3092A(X). It was found that the strains differ with regard to the lowest concentration of galactose which will induce the fl-galactosidase (Table 5 ). In the presence of 10-5 M galactose, the enzyme is induced fourfold in W3092(X) but not at all in W3092A(X). This difference could be due to the presence in W3092A(X) of a mechanism which can reduce the intracellular concentration of galactose to a level ineffectual for the induction of ,B-galactosidase. In strains W3092R(X) and B78A, the threshold concentration of galactose required for 3- The strains were grown for about eight generations in the presence of the indicated concentrations of galactose. The assays were performed as described in the Methods section on cultures which had reached an optical density > 1.0 at 650 mjA in the Beckman DU spectrophotometer.
galactosidase induction correlates well with the level of kinase in each strain, a finding which supports the hypothesis.
If the constitutivity of the kinase defectives is due to a failure to remove an endogenous inducer, a question arises as to the origin of the inducer. Although the endogenous inducer may not be identical with galactose itself, it seems most likely that it stems from free galactose and that phosphorylation of galactose prevents the formation of the inducer. If this is correct, a kinaseless mutant with an additional mutation blocking the synthesis of functional epimerase should be inducible for transferase unless it is transduced with Xgal defective in kinase only. The latter heterogenote should again be constitutive because of the functional epimerase gene of the lambda. In other words, in this case constitutivity should be dominant because the internal induction relies on a functional epimerase gene. This type of study should therefore be able to clarify further the nature of the pleiotropism of the kinase gene.
Summary.-Three types of genes interact in the regulation of galactose sequence enzymes. Two of these have the characteristics of repressor-forming and operator genes respectively; the third comprises genes determining galactokinase. Most strains lacking functional kinase are phenotypically constitutive. The following lines of evidence suggest that this condition is due to an internally produced inducer. Introduction of a functional kinase gene by transduction leads to loss of constitutivity for all the galactose enzymes whether determined by genes cis or trans to the mutated kinase genes. This indicates that there is no interference with the function of the (non-transducible) repressor-forming gene in kinaseless strains and that the mutations to kinaseless are not operator mutations. Constitutivity may be prevented by growth of the cells in the presence of a known inhibitor of induction of the galactose enzymes. Presumably, the basal level of kinase in -wild type strains is sufficient for the removal of the internal inducer, making these strains inducible. There is also evidence that in an exceptional inducible kinaseless strain another reaction for the removal of the internal inducer may have appeared.
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